The relevant processes in shock wave ionization of a solid Fe micrometeorite impinging on a W target are analyzed. The internal energy behind the shock wave in shown to depend on impact velocity w, target and meteorite density in a simple analytical form. For low impact velocities (jd<7 km sec-1) the ions generated by the shock are mostly due to surface ionization. For high impact velocities [w^> 2 0 km sec-1) the number of ions can satisfactorily be explained by isentropic expansion of the shocked material to a particle density of n äs 1 0 20 cm-3 whereupon the rate processes in the expanding ion cloudlet govern the residual ionization. In velocity regions where laboratory measurements can be carried out, the agreement between theory and experiment con firms the assumptions made.
I. Introduction
Micrometeoroite detectors, residing on shockwave ionization of fast interplanetary dust particles have successfully been used in satellite programs (HEOS-A2, PROSPERO) and are being developed for more elaborate studies in the future (HELIOS, MJS-Mission). In these experiments solid micro meteorites are partially evaporated and ionized upon high-velocity impact on a massive target plate. The ions, which are extracted by electric fields from the generated gas cloudlets, are recorded by detectors, possibly in conjunction with mass spectrometers l . The number and species of these ions are dependent on the size, the impact velocity w and the chemical composition of the micrometeorites. Upon impact, pressures and temperatures are reached which are not only of interest in astrophysics but also in a number of terrestrial applications ( Figure 1 ). Shock wave ionization might offer an access to the equa tion of state at extreme pressures (above 100 Mbar), similarly as shock vaporization for the pressure range around 1 Mbar 2.
The relation between impact velocity, equation of state and shock wave entropy, and the relaxation phenomena in the unloading material are calculated in the following paper as a basis for the mass spectroscopic analysis of micrometeorites. We limit these considerations to the impact of Fe-particles onto a tungsten target, which has been investigated in the laboratory, and we try to describe the physi- cal processes during the expansion of the material out of the impact crater (see Figure 2) . A corre sponding path-time diagram in the onedimensional approximation is shown in Fig. 3 (for particle prop erties: I jLi diameter, w = 5kmsec-1). At the mo ment of contact between particle and target, shock waves run into both materials, thereby heating them whereas the small remaining part is responsible for the residual ionization. To derive the relation be tween the initial properties of the impinging micro meteorite and the number and species of measured ions three major problems are to be solved:
(i) determine the state of matter behind the shock wave in dependence of impact velocity
(ii) calculate the remaining part of internal energy to find the temperature and the degree of ionization of the generated gas cloudlet (iii) calculate the relaxation processes to deter mine the time, when the temperature and the corresponding degree of ionization is frozen in during the state of expansion.
effectively. When the shockfront arrives at the op posite free surface of the meteorite, rarefraction waves run bade into the heated material. Thus the internal energy produced by the shock is converted into expansion energy or volume energy ( V = spe cific volume) according to
The important fact, however, is that this conversion is incomplete, i. e. the average expansion energy is only approximately equal to the specific energy behind the shock wave through the solid (u = par ticle velocity behind the shock 3' 4)
II. State of Matter behind the Shock Wave
The starting point is the total internal energy behind the shock wave as a function of impact ve locity w, where we have used laboratory5 and atomic bomb6 results for the region w < 25 km sec-1 and the Thomas-Fermi-model 7 for velocities w > 50 km sec-1. The complete function AE-r (w) is shown in Fig. 4 , and it should be emphasized that beyond w > 10 km sec" 1 this curve can quite ac curately be represented by the approximation used for strong: shocks 4 where the only important properties of the material are the initial densities of W and Fe *. The deriva tion of Eq. (2) is given in Appendix A. The total internal energy is a sum of three terms
where AEe] is caused by the elastic repulsion of the atoms in the lattice or liquid and AEt\ and AEne by the vibrations of the nuclei and by electronic ex citation, respectively. The different contributions in Eq. (3) have been determined from the Debyetemperature for the lattice and from a band model for the electrons. As seen in Fig. 4 , the electronic excitation energy is approximately one order of magnitude higher than the other components for the high velocity region, but for w < 10 km sec-1 * Equation (2) shows that the target material with the highest specific density should be chosen to obtain high energies in the impinging particle. Other considerations which govern the choice of the target include of course availability of high-purity materials in order to avoid target impurities in the expanding cloudlet (e.g. Au). the elastic energy is the dominant component. Here, in contrast to the high velocity regime, the energy is not sufficient for evaporation but only for frag mentation of the particle into smaller particles and the treatment of the problem turns out to be quite different for low and for high impact velocities.
III. Treatment for Low Velocity Impact
In the low velocity case the impinging particle fragmentates into droplets with low temperatures (T < 4000 °K ). During the cooling time (10~7sec) mainly impurities with low ionization potential will be ionized after diffusion to the surface from a depletion boundary layer. At an impact velocity of 6 km sec-1 the Fe particles are liquid, but the de gree of vaporization does not exceed 5 per cent 2. Thus, the generation of charged particles is domi nated by impurities and does not represent the chemical composition of the meteorite directly.
All impurity atoms that can diffuse through liquid Fe to the surface during the evaporation cooling time r may be evaporated. They are contained in a shell of thickness
where the diffusion coefficient D « 5 • 1CT5 exp { -5000/7} cm2 sec-1 can be estimated from experiments with alkali metals in metals 8' 9.
The mass AM of iron atoms evaporated during time r is given by the Hertz-Knudsen-equation
where tables 10 for the iron vapor pressure Pg have been used. The ratio of ionized to neutral vapor atoms is obtained from the Saha-Langmuir-Equation for surface ionization
The relevant quantities are 0 : the work function of Fe (adequately modified to account for impurity atoms or electric fields8) ; I: the ionization potential of the evaporated mate rial; g0,gi: statistical weights of atomic and ionic species.
Two examples of the calculated mass spectrum are shown in Fig. 5 , where the Fe particle was as sumed to contain 3 atom per cent of alkali metals and the ratio of alkali metals among one another as corresponding to the abundance in the earth's crust. The results agree well with laboratory experiments The main component Fe is not represented at all in the spectrum for impact velocities if < 7 km sec-1. 
IV. Treatment for High-Velocity Impact
The treatment for high velocities is more difficult, since a complete evaporation takes place and the concept of an interface between a solid state and a vacuum is inapplicable. In the following, a pure iron meteorite is investigated to specify the conditions under which a substantial fraction of the material exists in the form of ions that do not recombine during expansion. The corresponding processes oc curring in a hydrogen plasma have been discussed qualitatively by Kuznetzov and Raizer u .
In order to solve Eq. (1) for E one needs the equation of state for the whole region of expansion, which is shown in Figure 6 . For impact velocities of about 30 km sec-1 the Fe-particle is compressed by a factor of 3 and for this state fairly reliable solid Fig. 6 . Region of expansion of a shocked iron particle: nY = Fermi limit, np = plasma limit [see Eq. (7) state band models12 are available. The non-equilibrium relaxation occurs in the low density part of the region shown, where the ideal gas law can be used with only slight corrections, e. g. for the lowering of the ionization potential13. At densities above the point where the ionization is frozen in, the densities are high enough for plasma effects to be negligible, since the particle distance is much larger than the Debye length:
The whole expansion region of the material starting in the solid state phase and ending in the gaseous phase, thereby passing the Fermi limit and the critical region can only be described within a lim ited degree of accuracy by the following procedure. Equation (1) yields (pdF + d £)/r = 0 = dS (8) showing that the entropy for the solid state and the ideal gas phase are equal provided the temperature is a defined quantity, i. e. the relaxation along the dashed curves in Fig. 6 must be very fast for LTE to hold (see Appendix C ). This might be the case for densities n > 1020 cm-3, so that the re sidual ionization can be determined from the re combination rates in an ideal gas, which at n ^ nt has the same entropy as the compressed iron par ticle. The entropy at 'the high density part of the regime is calculated from the thermal energy of electrons (Fig. 4) and the electronic specific heat Cv given by the band-model.
The result is equated to the entropy of an ideal gas in the low density part
with
in order to connect these two regions by the proce dure of Equation (8). The equation for the gas entropy includes the thermal excitation of atoms and ions.
The corresponding degree of initial ionization is given by the Saha-Equation, where the lowering of the ionization limit A I has been taken into account
Now, the material is expanding with approximately constant mean velocity u, where ion cores and elec trons are thermally decoupled (Charge neutrality is conserved, however). Therefore, in the equation for conservation of energy we may deal with elec tron density ne and electron temperature Te only.
With Ein° and E-IU+ being the internal excitation energy of atoms and ions, resp. d£n din n"
An electron gas is formed by free and bound elec trons, which are coupled by two-body collisions. This gas is cooled by expansion [first term on righthand side of Eq. (12)] and heated by recombina tion and deexcitation of electrons. Although the mean free path of electrons exceeds the dimension of the ion cloudlet, the electrons near the edge of the cloudlet are deflected by an electrostatic poten tial. This potential wall has been built up by some electrons that have escaped the cloudlet. Thus, one can write a conventional ansatz for the equation describing the most important relaxation process, namely the three-body recombination, using a re combination coefficient a.
The reverse reaction, collisional ionization, is al lowed for by microscopic reversibility (equilibrium constant K ) . Numerical calculations have been car ried out to solve the system of Equations (12) and (13).
In order to present the conditions during expan sion in one picture, the term "freezing point" in Fig. 7 has been used in the sense that beyond this region the degree of ionization will not drop by more than « 10% to the asymptotic value. In Ap pendix B it is shown that this asymptotic value dif fers substantially from zero.
The numerical calculations show (Fig. 7 ) that even for larger particles (number of atoms N > 109) the freezing point occurs at f < 1 0 " 9 sec, so that cooling by radiation of visible light is negligible. (T = 110 000 K) ™ Fig. 7 . Time scale of relaxation in the unloading material, which is generated by impinging Fe-particles of different masses and velocities. The term "freezing point" has been used in the sense that beyond this region the degree of ionization will not drop by more than « 1 0 % to the asymptotic value.
On the other hand the calculations fail for particles with N < 107, because the corresponding expansion time t <, 10-11 sec is too small for LTE to hold (see Appendix C).
A summary of the calculations is displayed in Fig. 8 : the residual ionization j'r as a function of impact velocity for a larger and a smaller particle. Two interesting conclusions are: (i) for velocities w > 40 km sec-1 the residual ionization is indepen dent of the particle size, as long as this size is within the limits of the model, (ii) for velocities below 15 km sec" 1 -depending on the particle size -the residual ionization is not determined by volume ionization but by surface ionization as mentioned above (Section I I I ) .
V. Summary and Conclusion
As a basis for the mass spectroscopic analysis of micrometeorites the relation between impact ve locity, equation of state and shock wave entropy as well as the relaxation phenomena in the unloading material have been investigated.
For the low velocity region (w < 10 km sec-1) the production of charged particles is dominated by the impurities with the lowest ionization potential. Especially alkali metals, present only as trace ele ments in the micro-meteorite, form the major com ponent in the mass spectrum. This is in good agree ment with measurements 1.
For the high velocity region (w > 20 km sec-1) , it has tacitly been taken for granted without speci fication of the relaxation processes, that the expan sion of the ion cloud proceeds isentropically down to densities of 1020 cm-3 on time scales as short as 10" 9 secs. The good agreement of these computational results with experimental measure ments available1, corroborates this assumption. A o l E severe theoretical justification, however, is not pos sible at present because relaxation processes in solids (not to speak of the transition region between solid and gas) are badly understood. Progress in this field should be possible from two different as pects: starting with relaxation in solid states using the exciton concept on the one side or starting with molecular relaxation and using the autoionization concept on the other.
The results of our calculation for the high (Fig. 8 ) and low (Fig. 5 ) velocity cases are summarized in Fig. 9 under the assumption that the number of charged particles collected by the detector is pro- Fig. 9 . Summary of the calculations in the high-temperature and low-temperature regime: yield of ions as a function of impact velocity (see Fig. 5 and Fig. 9 for reference).
portional to the mass of the impinging particle. This relation holds for low velocities, since the micro meteorite will fragmentate into a higher number of particles and for higher velocities, where complete evaporation takes place. For w >20km sec-1 the impinging micrometeorite is evaporated completely and the mass spectrum shows the real chemical com position of the particle. A small portion of impu rities ( < 1 0 -5) is completely negligible. For ve locities w>40kmsec~1 the residual ionization is independent of the particle size.
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Appendix B
We show by a lower limit estimate that the system of Eqs. (12) and (13) 
Appendix C
In order to connect the high density and low density region by equating the entropies of both states [Eq. (8) ] LTE must exist in the transient ionized gas (along the dashed lines in Figure 6 ). A corresponding rough criterion for the relaxation time scale in dependence of expansion velocity v and particle dimensions R is given by r ^ Rfv ä; 10-9 secs .
Here, we present arguments showing that this cri terion might be fulfilled at least in the two limiting cases, in the high density and in the low density case. Since in both cases we are well above the plasma limit, collective plasma effects are considered to be negligible and single particle effects will be investigated.
In the high density region the ion cores are heated immediately by the shock and the heat is transferred to the electrons. For densities as high as 1023 cm-3 and comparatively low temperatures of 105 °K the diffusion theory for equipartition of energy in ionized gases 13 breaks down. A rough but adequate picture is given by nonadiabatic col lisions between heavy particles where considerable progress has been made in the last decade 16. Different authors have investigated the energy spectra of the electrons emitted upon ionization by these collisions based on an analysis of the transition from discrete terms of a generated quasi-molecule to the con tinuous spectrum. These autoionizing states will be deexcited by radiationless transitions fast enough (r « 10-12 -10-15 sec) in order to heat the elec tron gas during expansion.
For lower densities (perfect gas regime) fast three body collisions establish equilibrium in the electron gas. After an electron has been transferred to an excited state of the Fe-atom Fe+ + e + e->Fe* + e this state may then be transferred to higher or lower levels or reionized by inelastic electron collisions. The fraction of excited atoms ending up in the ground state constitutes the recombination. Thus the relaxation time scale is given by the time scales for ionization and de-excitation by electron colli sions. Radiative optical transitions cannot compete in the state of rapid expansion. Collisional transi tion probabilities for Fe in the interesting region (ne Äi 1019 cm-3, T = 104 °K) are given in Fig. 11 : ionization probabilities calculated using an empiri cal formula 17, de-excitation probabilities calculated from /-value measurements18 using the effective Gaunt factor formula 19 and from measurements of excitation cross sections20. The corresponding crosssections for hydrogen (at distorted energy scale) are given for comparison. As seen in the figure, all relaxation time scales are shorter (r äs 10-9 -1(T12 secs) than the expansion time scale. But it should be kept in mind that the complete recombination to the ground state requires several de-excitation tran sitions. 
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